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RACA ACR No. ELK30
NATIONAL ADVISORY COMMITTFE FOR AERCNAUTICS
ADVANCE CONFIDENTIAL REPORT

PERFOHVANCE OF AN EAHAUST-GAS "BLOWNDOWN" TURBINE
ON A NINE-CYLINDER RADIAL EdGINE
By L. Richard Turner and Leland G. Desmon

SUNGARY

Tests were run on an exhaust-gas turbine having' four separate
nozzle boxes each covering a 90° arc of the nozzle diaphragm and »
sach connacted to a pair of adjacent cylindors of a Pratt &
Whitney R-1340-12 nine-cylinder radial engine. The total turbine
nozzle area was 8,LL sjuare inches. This type of turbine has been .
ocalled a "blowdown" turbine because it recovers the kinetic energy
doveloped in the exhaust stacks during the blowiown period. The
purpose of the test was to determine whether the blowdown turbine
could develop apprsciable power without imposing any loss in engine
power arising from restriction of the sngine exhaust by ‘the turbine.

- e -

. At an engine speed of 2000 rpm and an inlot-manifold pressure
of 33.5 inches of mercury absclute, the turbine power varied from
9 parcent of engine power with a turbine exhaust pressure of
29 inches of mercury absolute to 21 percent of engine power with
a turbine exhaust pressurs of 7.5 inches of mercury absclute. The
engine power was decreased a maximum of 1 percent by the presence - .
of the turbine at the lowost turbine exhaust pressure as compared
with the engine power delivered with a ‘conventional collector ring
discharging to an squal exhaust pressure. No engine-power loss was
imposed by the presence of the turbine with turbine exhaust pres-
sures greater than 20 inches of mercury absolute. The engine air-
flow rate was not affected by the presence of the turbine.

_ The use of a blowdown turbine and a conventional turbosuper-
charger connected in series is briefly discussed. An analysis is
presented relating the test data to the mean jet-velocity data far
the NACA individual-stack jet-propulsion system.
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i INTRODUCTION

At the time of exhaust-valve opening, the pressure of the zas
in the cylinder of an internal-combustion engine is considerably
above atmospherio pressure; the gss is therefore capable of doing
an apprecisble amount of work by furthor expansion. When the cyl-
inders ars exhausted to a collector distharging either to the
atmosphere or to the nozzle box of s conventional exhaust turbine,
the kinetic energy produced at the end of the exhaust stacks by
the difference between cylinder preassure and collector pressure is
dissipated as heat in the collector. A turbine that converts this
kinetic energy into shaft work has been called a "blowdown" turbine
because it recovers the kinetic energy developod in the exhaust
stacks during thz blowdown period.

With a suitesble piping arrsngement and turbine nozzle area,
the power delivered by the blowdown turbine may be obtained with
1little or no decrease in engine power resilting from exhaust-pipe
restriction, The maximum nct power can be attained by discharging
the exhaust gas from each cylinder into the turbine buckets as a
separate jet and pemit.t.ing each cylinder to exhaust to the turbine
outlet pressure.

Several satisfactory exhaust-~system srrangements exist. In
one arrangement each cylinder may be connected to a separate nozzle.
This arrancement would require a large total nozzle area and would
result in an excessively large turbine size. The turbine size may
be reduced spproximately one~half at the possible cost of a slight
loss in turbine power by connecting each nozzle to two cylinders
having nonoverlapping exhsust periods. In such an arrangement, the
exhaust discharge of each cylinder would still bte a separato event,
Paired exhaust stacks, however, must be csrefully designed to avoid
an appreciable kinetic-energy loss at their jJuncture,

In present aircraft engines, the connectinon of more than two
cylinders to a single nozzlo would res:lt in s considerable mechan=
ical and desipn cifficulty or, in some engines, would result in an
overlap of the exhaust periods with a resultant increase of the
engino back pressure.

The present report describes the results of tests of a blowdom
turbine in which each nozzle served two cylinders that have nonover-
lapping exhaust--valve-opening periods. The object of the tcsts was
to determine the amount of power from the blowdown turbine and the
effect of the prusence of the turbine on engine power. The tests
werc conducted at the Aircraft Engine Research Laboratory of the
NACA at Cleveland, Ohio, from November 1943 through January 19kl,

N o .
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ATPARATUS AMD METAODS

Construction of the blowdowm turbine. ~ A diagrammatic drawing
of the blowdovn turbine used in the NaCA tests is shown in figure 1.
The turbine was constructad from a standard fteneral Electric type B
turbine wheel and besring assembly and four nozzlas boxes. Yach
nozzle hox has sn exit area of 2,11 squarc inches and covers a .
90° arc of the nozzle.:diaphragm. This exit ares was chosen by the
use of the methods and data of reference 1 as the area that would
impose no power loss on the onglne at its rated operatin~ condi~
tions. The exit of each nozzle hox is divided into nine nozzles
by flat vanes sufficiently long to guide the exhaustegas flow at
the inlet and discharpe ends. ) ;

A drawing of one of the nozzle boxes is shown in fiyuro 2.
Photographs of a nozzle box and the nozzle diaphramm assembly aro
reproduced in figure 3. The entire turbine was enclosod in a metal
housing with four inlet pipes that ecxtended through sliding glands
to the outside of the housing. A labyrinth seal gland for the tur-
bino shaft was provided around the opening between the insids of
the housing and an evacuated fore chamber. Leskage of air through
this gland was reduced to n neglipgihle smount by adjusting the pres~
suré difference botween the labyrinth stages to 0 20,1 millimeter
of water by means of an air-operated Jet pump in the line connocting
ths evacuated fore chamber to the altitudeeexhaust system.

Test setup. -~ The blowdovn turbine was connected to oight of
the nln_a—c'm%ers of a Pratt & Whitnoy R=1340-12 engine by means

of four pipes having Y=shaped branchcs connected to adjacent cyl-~
indsrs. The gas from the tarbino discharged to the laboratory
altitude~exhaust system. The gns from the ninth cylindor discharged
directly to the altitudo~cxhauet systsme The engine air was sup~
plied directly from th2 room to thc earburctor through & duct pro-

vided with a measuring orifice. A photozrayh of tho test sctup is
shown in figure L.

The turbine power was sbsorbed by a water=brake dynamometer. y
Turbine torque was measured by a spring scale. The turbine speed 7
was measured with a condenser-type tachometer. The accuracy of the
turbine-power measurements was within #1.5 percent. The temperature
. of the turbine exhaust gas ras measurod with a quadruple-shielded
chromel-alumel thermocouples

The power of the engino was absorbed by a separate water-brake
dynamometer. Enzine torque was measured *with a balanced~diaphragm
torque meter of the type described in reference 2. Engine speed
was measured with a magnetic-drag type of aircraft tachometers
Engine air flow was measured by a head meter with a thin-plste
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: orifice installed according to A.S.Y.E. specifications for flange
oina | taps. Measurements of engine power are estirmated to be accurate
t within £.5 percent.  Engine fuel flow was measured with & sharp- .
edged-diaphragnm density-compansated rotameter. Air-flow and fuel-
flow measurements are estimated to be accurate within &1 percent.
Temperatures of engine air, rsar spark-plug gasket, and carburetor
air were measured with iron-constantan thermdcouples. Pressures of
engine inlet and turbine exhaust were measured with mercury manom-
eters. Prassures in the air-flow system were msasured with water
manometars. .

Tests. = The tests herein described wera run at an engine
speed of 2000 rpm. The tests consisted of calibrating an engine
with an exhaust collector and measuring the engine powar and the
turbine powsr with the blowdown turbine in place.

Most of the tests were run at full “engine throttle at an inlet-
manifold pressure of approximately 3L inches of mercury absolute.
Exhaust pressure was varied from 7.5 to 29 inches of mercury abso-

! lute. In the turbino-power testa the turbine speed was varied.
Additional tests with the turbine were run at part engine throttle, .
at engine inlat-manifcld pressures of 2L to 19 inches of mercury

{ absolute, a turbine axhaust pressure of 7.5 inches of mercury abso-
lute, and with variable turbine speed.

- —

Mothods of reducing test data. = A preliminary analysis of
the operation of a blowdcwn turbine predicted that the power cutput
Pma.x at the optimum turbine spoeed is given by a relation of the
form

550 Prax = 34,7, Max @

. where

Nmax effiniency of turbine (including bucket losses but excluding
nozzlo lossas) at optimum blade-to-jat-spced ratio

l!t mass flow of uxhaust gas to turbine, slugs per sscond
V,, mean Jet velocity at turbine-nozzle exit, feet per second’ -

= 1Tk Equation (1) was obtained by assuming that the instantaneous :
\ \ turbine tucket efficiency is a parabolic function of the instantane- . i O
\ ous blade-to-zet-speed ratio and is independent of the Mach number.

\,. The analysis (as shown by equation (1)) indicates that the term

%!{tvez is a measure of the available power. The conditions are . «
\ almost exactly satisfied by 'single-iatage impulse turbines unless the
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Mach number becomes too high at which time the buckets choke and
‘the instantaneous efficiency is reduced. The mean efficiency ﬁt
of the blowdovn turbine with any operating conditionhs, therefore,
has been defined as the ratio of the turbine power output Py to
the available power by means of the equation

1100 Py

2

Ve
Because the turbine was connected to eight of the nine cylin-
ders of the test engine, the mass flow of gas through the turbine

was therefore assumed to be eight-ninths of the total mass flow of
exhaust gas M.

(2)

The mean jot velocity V, was computed from the data obtained

for a 25-inch straight stack (see fig. 10 of reference 1) as a
function of pA/ily where

Pe turbine exhaust pressure, pounds per square foot

A effective nozzle area, square feet

e, (el e

The effective nozzle area to be used for calculating peA/Mt

branched stacks is determinad by multiplying the area per stack by
the number of cylinders connected to the turbine. The effective
nozzle area of the stacks used was 16.38 square inches.

The power-output data for the engine and turbine shown in fig-
ure S were corrected to a constant carburetor-air temperature and
engine inlet-manifold pressure. Engine power and mass flcw of come
bustion air were assumed to vary inversely as the square root of
the absolute carburetor-air temperature and directly as the first
power of the inlet-manifold pressure.

The corrections of turbine-power data to the basis of constant
engine inlet pressure wore made by a'méthod derived from the anal- B
ysis of referonce 1, A similar method was used to account for the
variation in turbine power with the total mean turbine-inlot-gas
temperature. The details of these corrasctions arec described in the -
appendixe .

RESULTS AND DISCUSSION

Pemor_outout of ths engine and turbiney - The power delivered
by the Prait & Whitnoy m;ﬁﬁ-ﬂ engine, HIacha_rging_ its exhaust to
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- a stanljard c;:llector and the puver delivered by the engine discharg-

ing its exhauet to tha blowdown turbine, is shovn in figure &
togethar with the turhine porer obtained at the optimum permissible
turbine sneed. At the lowest turbine exhsust pressures tha turbine
fpeed was limited to the rated speed of 21,500 rpme A larger power
output conld have been obtalned st a higher turbine speed. The
data in this figure were corrected to 2 carhurstor-air tempurature
of 90° F and an engine 1nleb-man1fold praossure of 33.5 inches of
mereury absolute.

Effect of the turbine on enginc vowurs = it the lownst turbine
cxh~ust pressurs, the power of the cnvine =xhausting to the blow-
down turbine was slightly emnllar (2 nement) than the power of the
engine discharging to » standard collactor 2t A pressurs equal to
the turbine exhaust prissurc. As the exisust pressure incrsased,
thes power loas »ith thc turbine op.rating decriassd. For exhaust
pressurus gronter then 20 inches of mercury absolutc thers was no
neasurible pover loss. No measurable chanze in engine-air weight
flow wae crused by the preserice of the turbine, The braite horge~
power shovm in figure © wns obtiined with the 1ir to the carburetor
supplied directly from the room. The pressure drop through the air-

measuring orifice and duct wue 3 inches of mercury and the carburetor

pressure wns 26 inches of mercary ahsolute. In order to determine
the net power at sltitnde it 1a nsccss:ury to subtr-ct the super-
charger pover required to obtain 2 carburetor-inlet pressure of

. 26 inches of mercury. Becsuse this power would be the same for the

two csses in figure 5 st any given exlhisust discharpe pressure, it
does not affect the comparison, which reveals the negligible effect
of the presence of the turtine or the engine porrer.

With respect to its effect on engine powver, the blowdown tur-
bine is similcr to the RBlchi exhaust-zas turbine (referencs 3).
In both systems the exhaust piping is arranged to avoid producing
back pressure on the cylinders toward the end of the exhaust stroke
and particulerly durine the valve overlsp or scavenging period.
No attzmpt is made in the blowdorm turbine to provide a resonant
or tuncd exh~ust-stnck system sometimes mentioned in connection
with tne Bilchi s7stem.

The ratio of the brake mean effective pressure to the inlet-

manifold pressure bmep/p,:l plotted agninst the ratio of the exhsust-

discharge presesure to the inlet-manifold pressure pe/p"1 is shom
in figure &,

Referenc2s 1 and L showed that the effect of an exhaust restric-

tion on engine power is determined by the value of the ratio vdn/A
where

o - —
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vq displacement volume, cubic feet
n engine speed, revolutions per second

For this turbine the effective nozzle erea was 0,138 square foot
(for nine cylindersz). At an engine spesed of 2000 rpm the value of
vdn/A was therefore 10° fest per second. A loss in engine power
from 2 to 3 percent war expected at the lowest exhaust pressure for
this value of vgn/A. (See reference L.) Because the loss was less
than predicted, it must be concluded either that the Pratt &
Thitney R-1340-12 engine is slichtly less sensitive to exhaust-pipe
restriction than the ‘iright 1820~ engine uscd for the tusts of
references 1 and I or that the blowdorn turbins exerts a favorable
suction effect during the last part of thn exhaust stroks vhen the
veloclty of flow through the exhsust system is small,

Turbine ]i'ower output and speed characteristics. - The turbine
. power outpu £¢ o) a8 Mmeasurad, using the ust gas from eight
of the nine¢ cylinders, varied from about 9 percent of enginc power
at a turbine exhaust pressure of 28 inches of mercury absolute
(po/Pp = 0.8l4) to about 21 percent of engin: power at 7.5 inches
of mercury absolute (re/Py = 0.22)« At tha lovest exhaust pres-
sure, the turbinc power output varied through a rangs of about
9 percent of turbine power with the amount of leakage into the tur-
bine housing around the four turbine-inlet pipes. Tha data at this
axhaust pressure (7.5 in. Hg absolute) arc not oonsidcred entirely
satisfactory. The ratio of the turbine ;ower output to engine
power output at constant engine speced incrcases with a decrease
in the ratio pg/pp.

The variation of turbine power output with turbine speed for
constant engine power output is shown in figure 7. These curves ares
similar in shape to0 the power-speed curves of single-stage steady~
flow impulse turbines. Ths blowdomn-turbine power output is nearly
independent of speed near the maximum power output. A deviation in
speed of 10 parcent from the optimum speed reduces the power output
only approximatsly 1 percent. :

The carburetor-inlet pressure for these tests sveraged 26 inohes
of mercury ebsolute. This pressurs could be provided at high alti-
tude by passing the gss from the blowdomn turbine to a conventional
turbosupercharger of proper size opsrating at a nozzle-box pressure
of approximately 26 inches of mercury absolute. The blowdown-turbine
power output with a discharge pressure of 25 inches of mercury abso-
lute would be approximately 10 percent of the engine-shaft power on
the basis of utilizing the exhaust pas from eight of the nine cyl=
inders. If all the exhoust gas were utilized in the turbine, the
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*

pm{er vould be increased one-eiphth larger and wenld amount to
= 1ercent of sngine power. It is evident therefore that, even

in a power plant equippsd with 2 turbosupercharger, an appreciabls
gain in power and sconomy can be obtained by installing a blowdom
turbine between the engine and turbosupercharger. This arrsnge-
ment is only one of a number of possible aplications of the blow-
down turbine; further stady is required to determins the most
advantageoue application.

At a turbins exhaust pressure of 26 inches of mercury absolute,
the blowdown turbine imposed no loss in engine power. (Ses fig, 5.)
At a given sat of engine conditions, the mean jet velocity from a
single exhmust stack or a branched sxhaust etack increases when the
exit area is rsduced. (See references 1 and L) A grsater total
pover output could thersfore be obtained from the turbine and engins
by the uss of nozzles small enougs to produce a small loss in engine
yower. The percentaga gain in power provided by the blowdowrm tur-
bine in the application under discussion will increase with an
increase in the inlet-manifold pressure for constant exhaust pres-
sure.

The spead of the turbine for the maximum output with an exhsust
rressure of 26 and an inlet-menifol?d pressure of 33.5 inches of
mercury absolute is approximately 16,000 rpm. (See fig. 7.) This
speod is about 7T percent of the ratod turbine speed; hance, tas
esntrifuzal etress in tha buckets is only 56 percent of the centrif-
ugal strass at rated spsed. When the inlet-manifold pressure is
increased to 52 inches of marcury absolute with the exhaust pras-
sure of 26 inches of mercury absolute, the optimum turbine speed is
approximately the rated speed.

When the blowlown turbine and a conventional turbosupercharger
are used in series, the blowdomn turbine may be geared to the engine.
Alrcraft engines are operated at high speed for emergency power out-
put and at successively recduced speeds for ratedepcwer and cruising-
power operation. With approximately constant blowdomn-turbine
exhaust pressure, th: nozzle-jet velocity deereases approximately
in the smme proportion as the enpinz spesds A blowdown turbine
seared to the enginu crankshaft with a fixederatio gear train will
therefore operate 2t nearly optimum speed for ench engine power out~
put.

‘.fean turbine efficiency. ~ The varistion of the mean Pfficiency

T, of the blo~domn turdbine, defined by ~quation (2) with the blade-
spsed to mean~jet-spead ratin, is shovm in fisure R, (Ths maxirum
turbine efficiency _is obtained at a turbins pitch-line velocity of
approximately 0.l V,.) The groatest mean efficiency attained is
approximately 72 percent.
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For the lowest turbine exhnust pressures, the mean efficiency
decreases as the exhaust pressure decreases. With a turbine exhaust
pressure of 7.5 inches of mercury absolute, the instantaneous peak
value of the ratio of the impact pressure in the nozzle to the tur=
bine exhanst pressure may be as great ss 7 or 8. (See fig. 12(b)
of refarerce l.) The pressure rstio for the greatest efficiency of
a type B turbine is appreciably lower than 7. For pressure ratios
lower than that for the greatest efficiency, the bucket efficiency
is nearly constant btut, for greater pressure ratios, it decreases
appreciably. A lower mean turbine «fficiency is, therefore, to be
expected for low turbine exhaust pressures.

The value of Ve used for the computation of the mean turbine
efficiency was that measured for a 25-inch straight stsck. (Sce
fig., 10 of refercnca 1l.) Frevious tests with an exhaust stack
having s side branch had shown that the acan jet velocity V_, was
smaller than the velocity for a straight stack or a curvod s¥ack.
(See fize L of reference 3.) The branched-stack jet-velocity'rdata
gave menn turbine efficiencies greater than 90 percent; the diapram
cfficiency of the turbine, excluding all losses, is only £6 parcent.
The pesak mean efficiency of the blowdown turbine was expected to be
about B0 percent. The mean jet velocity for the stack arrangemcnt
used in the blowdown turbine, therefore, is probably greater than
the vclocity for the branched stack tested in reference 3 but may |
be lass than that for n straipht stack. .

The variation of tne maximum mean turbine efficiency is shown
in figure 9 as a function of thz jet-velocity paramcter pe.A/Ht.
The correlation is not satisfactory for the lowest exhaust prus-
suras (low pcl\/Mt). A small, but variable, leakape occurred from
the turbine into the turbine housine through the packing glands
around the inlet pipe and caused a corresponding variation in the
pressure p. behind the wheel at the lower turbine exhaust pres-
sures. The turbine output apparently varies with the pressure pg.

The maximum turbine output per pound of exhaust gas and the
estimrted optimim turbine pitch-line velocity is shown in figure 10
as a function of pgA/My. At the lowest values of pga/My, the
turbine jower is that obtained at rated turbine speed (21,300 rpm)
rather than at the optirum speed. The turbine~-power data obtained
with full-open engine throttle form s smooth curve except for two
points at the lowest value of pcA/!.{t. (See the preceding discus-
sion of fime 9.)
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The efficiency and power data Abtained at part engins throttle
fall below the »mummtue» oUFve. When the turbins data are cor-
rec’bad for ‘the varistica of turbine inlet-gas temperature with
engine power, the two sets of dita are in good agreement.

The sean turbine efficlency ¥, 1s a measure of the sbility
ol ‘the turbine to recover kiretic energy at the nozzle exit. This
efficiency is larper thén the sefficiency attained with the same
buokets in a conventional turkine beoause the avallable energy is
usially conputed with tha condition of the fluid at the nozzle
inlet #ad lozees aie suffered’ in the nozzles. These losses are not
consddered {i defining the mean efficiency of the blomdown turbine.

The rreategt work tecoversd by the blomdown turbine was approx-
dmately 30 percent of the work that is theeretically available to
ati ideal vachine in the axpansion of ihe exhaust gea from its pres-
sure 1n the aylindsr at the time of exhaust-valve opening to the
prevaﬂlm; atmospharie preesure.

pifoct of the Flowiown turbine on exhaust-ges temperature, -
The variation of the exhaust-gaa tedperature at the turbine ocutlet
with turbine power £5¢ an-sxhsust pressure of 7.5 inches of mercury
abetlute 1u shown in Pipire 1}, ‘The temperature measured with a
fuedruple-~shielded thermoenyple was assumed to be the tétal turbine -
extaustepas temperature. The mean totul gas temperature at the
turbing inlet was gomismted by adding to the measured turbine~outlet
termperature the temperature difference oorresponding to the power
per pound of gax removed by the turbine, The computed total inlet
tomperatirs was not quite odnstent. Small variations of the fuel-
air ratie occurred during the tests. The effect of fuel-air ratio
on totel temperatdare at the tufbine inlet 18 inoluded in fipure 1l.

The effect of' encife power on the total turbine inlet-gas
temperatufe et o fuel-air ratie of 0,075 is shown in figure 12,
The exhaust~gas temperature Increstes with enpine power beosuse the
heat rejsction per pound of exhaust jas from the engine and its
extocust pipioy Lo the munp air is greater at low engine power,
The correction uf the ps rottlé turbine data to constant exhaust
terperatury wag made fron theso data.,

Condition of the blowdown furbine after tests. ~ During the

Yewts the blowdown turblne was operated for a total time of approx-
Inately 24 hours, Althomph o smell stretching of the buckets
ouectirred, the streteliing was less than tiat normally experienced
in conventionsl exhaust-gas turbine operation with: the same inlet~
33 temreratura. One tmoket Showed a deformation of the shroud due
gﬁi;hei t.g bucket vilpatien or o ifltial bending stresses. (See
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The turbine buckets spparently ran quite cool, as suggested
by the appreciable lead deposite found on the exit side of the
tuckete, Cool running of the buckete was expected becauee the
buckets are exposed to the hottest exhauet gas for a short time
and to the coolest exhauet gae for a relatively long time, The
lead deposite sre ehown in figure 1. These lead depoeite are an
index of flow conditions beoause eolid particlee tend to accumulate
in regions of separstion of flow, Streaks in the lead deposite
ehow the directicn of flow of the gas over the buckete.

The flow in & blowdown turbine is similar to that in a
Holzworth explosion turbine; the problems arieing from blade vibra-
tion and thermal erosion due to the rspidly varying gas temperatures
are therefore eimilar, (See reference F.)

Nimerous small local deformstions of the leading edges of the
buckets (fig. 15) and trailing edges of the nozzle-box guide vanee
(fige. 3(b) and 16) were noted. These deforzations apparently
resulted from the action of larpge solid particlee in the gas stream.
The wheel-nozzle clearance was originally eet at 0,11 inch but owing
to warping the clearance vas not maintained. Actual contact of the
wheel and one nozzle occurred at one tima during tests, as shom
by polished spots on the buckets and nozzlee. The deformation of
nozzles caueed by thermal expansion is a serious problem because,
each nozzle must be connected to s separate tail pipe.

The leading edges of the buokets were rounded or eroded more
than in previoue tests with the same type wheel at approximately
the same total turbine-inlet exhaust-pae tempersture with eteady
flew. This rounding could have been caueed by mechanicsl eroceivn
by solid particles in the gas stream or, as seeme more likely, by’

the thermal eroeion csueed by the extremely rspid alternate heating °

and cooling of the huoket leading edges. Thermal erosion can be
reduced by using round-noeed tuckets to increase the ratio of inter=-
nal heat-transfer area to external heat-transfer area.

The total damage to the turbine wes not serious and did not
interfere with the tests. . '

CONCLUTEING REMARKS

The results of the tests of a blowdown turbine on a Pratt &
Thitney R-1340-12 engine, conducted to determine whether appreciable
power could be developed by the blowdorn turbine without sffecting
the engine power throus;h exhauet restriction, at an engine epeed of
2000 rpm and an inlet-manifold pressure of ?3.5 inches of mercury
absolute ehowed that:
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1., The blowdown turbine developed & .power equal to 9 percent
of the engine power with a turbine exhaust pressure of 28 inches
of mercury absolute and 21 percent nf engine power with a turbins
exhaust pressure of 7.5 inches of mercury absolute.

2. The. engine power was decreased a maximum of 1 percent by
the presence of the turbine as compared with the oonventional
exhaust collector ring discharging to an equal pressure. No engine-
pdwer loss was imposed by the presence of the turbine with turbine
_exhaust pressures greater than 20 inches of mercury absolute.

3. After a total test time of 2L hours no evidence of failure
from tucket vibration was observed,

h. Some evidence of erosion of the leading edges f the buckets
was noted.

| Aircraft Pngine Research laboratory,
National Advisory Committee for Aeronautics,
\ - Clevel-nd, Ohilo.
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APPENDIX - CORKECTION (F ELOWDOWN TURBINE POVER FOR VARIATIONS
IN ENGINE OPZRATING: CONDITIONS

The mean turbire efficiency 7y has been defined by the squa-
tion

T,
vheve the mean jet velocity V, is & funotion of the parameter
Pei/My. Ths results of the present tests shoved that the maximm
values of 1M, were suffioiently independent of the valus of DP,A/M,
within the rarge of variation reguired for small corrections that

oequation (2) may be used to predict the effect of changes in operate
ing conditions on turbine power,

The date on turbine power output (shown in fig. §) was corrected
| to the dasis of constant carbrretor-aii temperature and constant |
i irlet-menifold pressure by the following steps:

{ . {a) Compute the corroctod engine-azir and exraust-gas mass flovs

(b) Capute 7, from equation (2} using tie uncorrocted mass \
flov ad YV, from figure 10 of reforence 1

)] )¢ from the tion
{0} Compute “t)corr oqua;

Mo cory

(Ht) - M‘b 49

(a8) Compute (Ve)cm from f:lgum 10 of roference 1 using
the correctod turbino exhaust-gas flow

{e) Coampute (Pt)corr from an inverted fora of eguaiion (2)

1 2
(Mt)cor:- (%) corr Nt

corr . 11¢C

(2¢)

(3)

The pa.rt-*hrottlc date in figuros 9 and 10 have been oorrected
to the basis of full-thvotile exhaustegas temporature by 'bhe fol-
lowing mothod:
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The theory of exhaust stacks developred in reference 1 shows
that the mean jet velocity, Ve is a function of the gas temperature

and the parsmeter peA/.‘Jt. The mean jet veloolty decreases with a .
deorease in temperaturo for constant peA/ut. In the application

of a correction to the turbine output and efficlency for wariations
in temperature, V¥, was assumed to vary with temperature according

e
to the relation
v

peA t
T - s ]
‘Aeil.e £ (. /ROTB) ( l)

Ry the gas constant of the exhoust at the test fuel-eir ratio
T

e _ Mean ex‘na!tst;gns temperature, °F absolute

1

where

The relationship expressed in eguation (L) waa inferred from equa- |
tion (15) of refercn<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>